In-plane terahertz surface plasmon-polaritons coupler based on adiabatic
  following by Huang, Wei et al.
Sample title
In-plane terahertz surface plasmon-polaritons coupler based on adiabatic
following
Wei Huang,1, a) Xiaowei Qu,1 Shan Yin,1, b) Mingrui Yuan,2 Wentao Zhang,1, c) and Jiaguang Han2
1)Guangxi Key Laboratory of Optoelectronic Information Processing, Guilin University of Electronic Technology, Guilin 541004,
China
2)Center for Terahertz Waves and College of Precision Instrument and Optoelectronics Engineering, Tianjin University,
Tianjin 3000072, China
(Dated: 18 February 2020)
We propose a robust and broadband integrated terahertz (THz) coupler based on the in-plane surface plasmon polaritons
(SPPs) waveguides, conducted with the quantum coherent control – Stimulated Raman Adiabatic Passage (STIRAP).
Our coupler consists of two asymmetric specific curved corrugated metallic structures working as the input and output
SPPs waveguides, and one straight corrugated metallic structure functioning as the middle SPPs waveguide. From
the theoretical and simulated results, we demonstrate that the SPPs can be efficiently transfered from the input to the
output waveguides. Our device is robust against the perturbations of geometric parameters, and meanwhile it manifests
broadband performance (from 0.3 THz to 0.8 THz) with the high transmission rate over 70%. The in-plane THz coupler
can largely simplify the fabrication process, which will make contribution to develop compact and robust integrated
THz devices and promote the future applications in all optical network and THz communications.
I. INTRODUCTION
Surface plasmon polaritons (SPPs) are electromagnetic
waves that propagate along the interface between two mate-
rials (a metal and a dielectric) at optical frequency. SPPs have
attracted increasing attentions due to the abilities of energy
confinement and field enhancement1–3. The unique property
associated with SPPs has potential applications in superreso-
lution imaging4, high-density optical data storage5 and sen-
sitivity biosensors6–9. In the optical regime, SPPs have dis-
played excellent capabilities in achieving transportation and
confinement of photonic energy, which can help to acquire
more integrated optical devices.
THz waves, whose vacuum wavelengths range from 30 µm
to 3 mm, bear outstanding potentials in a number of techno-
logical areas, such as medical diagnostics10, sensing11, and
product quality control and security imaging12. Thus, THz
devices are very important for diverse research topics. In
particular, compact THz integrated devices will be the next
hotspot. Due to the smaller wave vector of the SPPs, the
THz coupler based on SPPs waveguide can be scaled down
to sub-wavelength region, which is helpful in producting THz
integrated devices. Since most metals behave as perfect elec-
trical conductor (PEC) at THz frequency, the structureless in-
terface can not bound surface wave efficiently. In order to re-
alize highly confinement SPPs at THz frequency, corrugated
metal structures are proposed to support and propagate the
SPPs, called spoof SPPs, which displays similar natures in
dispersion properties, subwavelength confinement, field en-
hancements, and environment sensitivity as those of the opti-
cal SPPs13.
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There are some remarkable papers working on compact
THz integrated devices by employing SPPs in previous stud-
ies and their devices are made of parallel structured SPPs
waveguides13,14. However, those works can hardly realize
good permance in broadband since SPPs are strongly de-
pendent on structural parameters5,15. In this paper, we pro-
pose an asymmetric specific curved corrugated SPPs three-
waveguide coupler at THz regime by utilizing quantum co-
herent control - Stimulated Raman Adiabatic Passage (STI-
RAP). STIRAP is one of the most famous quantum coherent
control methods, which is widely used in the quantum op-
tics and quantum systems16–18. The advantages of the STI-
RAP is that this method can perform high fidelity with robust-
ness against the varying parameters of laser pulse. Interest-
ingly, there are many classical systems to obtain robust device
against the geometrical parameters and good performance at
wide bandwidth by utilizing STIRAP, such as optical waveg-
uide couplers19–21, wireless energy transfer22 and electronic
or SPPs transfer on graphene sheets23,24.
Intuitively, we can achieve robust and broadband integrated
THz device via STIRAP, which is marvelous for reducing the
fabrication cost and enhancing the applicability of THz de-
vice, since our design does not require highly precise geomet-
rical parameters and can perform at broad frequency. Most
recently, we proposed a research about robust and broadband
integrated THz coupler with multi layers of thin films, by ap-
plying the STIRAP in the theoretical prediction25, whose defi-
ciency is the complicated fabrication. In this paper, we design
an in-plane THz coupler based on STIRAP, and demonstrate
the robust and broadband performance with the full wave sim-
ulation. Compared with the previous work, this paper accesses
two significance: i) we propose brand new layout of produc-
ing three corrugated metal waveguides on the same plane and
largely simplify the fabrication process; ii) we firstly vali-
date the robustness against the geometrical parameters and the
broadband versatility of the device via CST full wave simu-
lated results.
The framework of this paper is as followed: starting with
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the in-plane two parallel metallic waveguides, we determine
the structural parameters of the corrugated SPPs waveguides,
and then obtain the coupling strength function against the dis-
tance between the waveguides in the second section (see Fig.
1). Subsequently, instructing by the coupling strength func-
tion, we obtain the geometrical parameters of our device based
on the three in-plane waveguides(see Fig. 2), by inferring the
distances between the input (output) and middle waveguide
(shown in Fig. 3). In this configuration, our SPPs integrated
THz device achieves robustness against geometrical parame-
ters as shown in Fig. 4 in section III. In the next section, we
do the full wave simulation with the example (see Fig. 5 (a))
and demonstrate that our device can work at wide bandwidth
(illustrated in Fig. 5 (b)).
II. COUPLING STRENGTH FUNCTION IN THE
PARALLEL WAVEGUIDES
In order to obtain the relationship between he coupling
strength and the distance between the adjacent waveguides,
we start with the configuration of two parallel waveguides.
Though the parallel waveguides can only work at single
band, it can largely simplify the discussion about he cou-
pling strength compared with the curved waveguides. Note
that the SPPs’ transfer on curved waveguide is almost identi-
cal to straight case26,27. Therefore, we can ignore the differ-
ence of the coupling strength induced by the curved configu-
ration. Hence the relationship between the coupling strength
and gap distance derived in this section can be directly used
in the later calculations. Indeed, this relationship can be ana-
lytically compute by coupled mode theory28. However, since
it is tough to solve the mode profile of SPPs on the corru-
gated metallic waveguides using analytical calculations, we
firstly investigate two parallel corrugated metallic waveguides
to obtain the coupling strength function against the distance
between the waveguides by employing numerical simulation
software CST.
As shown in Fig. 1 (a), the diagram displays the schematic
model of two parallel corrugated metallic waveguides, where
the blue part represents the substrate with a relative dielectric
constant of 2.9 and yellow parts represent corrugated metal-
lic waveguides. The model is composed of two parallel SPPs
waveguides with width of w on top of the substrate with thick-
ness of metal t, of which two sides are symmetrically corru-
gated arrays of grooves with depth h, width a, and periodic
p. The two parallel corrugated metallic waveguides are sepa-
rated with a distance d. We set parameters width w, thickness
t, depth h, grooves width a, periodic p as 79 µm, 10 µm, 40
µm, 50 µm, which are consistent with the previous work in
Ref.13 to make sure that corrugated thin film waveguide can
be easily fabricated.
After determining the above parameters of the corrugated
waveguides, we concern the relationship between the cou-
pling strength and the distance between the waveguides. In
the simulation of parallel waveguides, we can measure the co-
herent length Lc (the length of SPPs completed transfer from
one to another waveguide) from the CST simulation, with dif-
ferent input THz frequencies. Subsequently, we can calcu-
late the coupling strength C, by using C = pi/2Lc. Fig. 1
(b) illustrates the function between coupling strength and dis-
tance d, with the incident frequencies of 0.4 THz, 0.5 THz and
0.6 THz, which are denoted with the black circle points, blue
stars, red squares respectively. In addition, the black dot line,
blue dashed line and red line are the exponential fitting curves
of 0.4 THz, 0.5 THz and 0.6 THz respectively in the Fig. 1
(b). From the results, we can easily obtain that the coupling
coefficient decays exponentially with the increasing distance
at a fixed frequency, and the entirety of coupling strength en-
hances with the increasing incident frequency. Our simulated
results are consistent with coupling mode theory (CMT) and
also the same as results in Ref.13.
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FIG. 1. (a) The schematic configuration of the two parallel corru-
gated metal waveguides, with geometrical parameters width w, thick-
ness t, depth h, grooves width a, periodic p, distance d and coher-
ent length Lc. (b) Coupling strength with the varying distance d at
different frequencies. The black circle points, blue star, red square
represent coupling strength with 0.4 THz, 0.5 THz and 0.6 THz re-
spectively. The black dot line, blue dashed line and red line are the
exponential fitting curves of 0.4 THz, 0.5 THz and 0.6 THz respec-
tively.
III. ADIABATIC FOLLOWING OF IN-PLANE SPPS
THREE-WAVEGUIDE COUPLER
In this section, we derive the configuration of the three-
waveguide coupler by employing one of famous quantum co-
herent control - STIRAP. The essential element of STIRAP is
two Gaussian shaped coupling strengths. Thus, the coupling
strength between the input/output and middle SPPs waveg-
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uide is required as two Gaussian profiles of STIRAP, which
can be realized via the well arranged curved corrugated metal-
lic structures. In this configuration of the coupling strength,
the adiabatic following theory of STIRAP shows that it deliv-
ers the complete population (or intensity) transfer from initial
state to target state with the robust feature by exploiting anti-
intuition sequence17,18. The coupler consists of two asymmet-
ric specific curved corrugated metallic structures (asinput and
output SPPs waveguides) and one straight corrugated metallic
structure (as the middle SPPs waveguide). The distance be-
tween input/output and middle SPPs waveguides is given by
the function d1/2(z), which is derived based on STIRAP. Due
to the anti-intuition sequence, there is a mismatching distance
δ between the centers (positions of the minimum distance
dmin) of the input and output waveguides, shown in Fig. 2. The
previous studies20,24,25 had already shown that in the similar
configurations, and the coupling strengths of input (and out-
put) and middle waveguides are obtained as two Gaussian pro-
files, which can be given by theory of STIRAP. The theoreti-
cal derivations of applying STIRAP to THz SPPs waveguide
coupler have already shown in our previous work25. There-
fore, we can determine the structural parameters of in-plane
SPPs three-waveguide coupler with STIRAP. Subsequently,
we demonstrate the complete transfer the intensity of SPPs
based on ideal case, lossy case. At the end of this section, we
verify the applicability of our device with robustness against
perturbations of geometrical parameters.
FIG. 2. The schematic of the asymmetric specific curved corrugated
thin films. The distance between input and middle (middle and out-
put) SPPs waveguides is given by the function d1(z) (and d2(z)),
which is derived by coupling strength of STIRAP (Eq. 1). The dmin
is the minimum distance between input/output SPPs waveguide and
middle SPPs waveguide and two minimum distances have the mis-
match distance δ .
A. Configuration of the in-plane coupler
Most recently, we have successfully demonstrated the the-
oretical application of STIRAP to the design of THz SPPs
waveguide coupler25 and it is the first paper to introduce the
coherent quantum control into the device of THz information
processing. However, the structure in the previous paper is
based on the three-layered bent THz SPPs waveguide coupler,
which is exhausting to be fabricated the complicated structure.
To overcome this problem, we propose the in-plane coupling
structure with the STIRAP in this paper.
According to the theory of STIRAP, the two coupling
strengths are required as two Gaussian shapes with anti-
intuition sequence17,18 to achieve complete SPPs energy trans-
fer. Therefore, we require that the coupling strength between
the input/output and middle waveguides of our coupler C1/2
should be described with Gaussian function, which can be ex-
pressed as,
C1(z) =Ω0 exp
(
−(z−δ/2)2
τ2
)
,
C2(z) =Ω0 exp
(
−(z+δ/2)2
τ2
)
; (1)
where δ is the mismatching distance and τ is the full width
at half maxima (FWHM) of the Gaussian shapes. Ω0 is the
maximum coupling strength, which is determined by mini-
mum distance dmin.
In this example, we choose the Gaussian shapes parameters
(in Eq. 1) as δ = 600 µm, τ = 700 µm and Ω0 = 4187m−1.
There are two reasons for selecting these parameters: firstly,
the maximum coupling strength Ω0 should be corresponding
to minimum distance dmin, and we choose dmin = 1 µm, which
can be easily fabricated. Secondly, two Gaussian shapes re-
quire enough overlapping and non-overlapping between each
Gaussian shape based on STIRAP. The rest parameters of
corrugated SPPs waveguides (width w, thickness t, depth h,
grooves width a, periodic p) are the same to those of the par-
allel waveguides in section II and we do the calculations at 0.6
THz in this example.
Based on the theory of STIRAP, we calculate the Gaussian-
shaped coupling strengths between the input/output and mid-
dle SPPs waveguides as shown in Fig. 3 (a). Associating
with the relationship of the coupling strength function against
the distance d (see Fig. 1 (b)), we can map the Gaussian-
shaped coupling strength to the geometrical parameters based
on Eq. (1). Therefore, we can construct two special-designed
curves for input and output SPPs waveguides and straight mid-
dle SPPs waveguide, and the distance between input/output
and middle waveguide d1/2(z) is given by exponential rela-
tionship between coupling strength and d. The corresponding
distances between the input/output and middle waveguides
d1/2(z) are obtained in Fig. 3 (b). Consequently, we can de-
sign the geometrical configuration to fix the coupling strength,
by given designing by STIRAP. In this configuration, the evo-
lution of SPPs power transfer is shown in Fig. 3 (c).
From the results of Fig. 3 (c), we can achieve complete
SPPs power transition from the input to output SPPs waveg-
uides in the ideal case (without lossy), shown in the dashed
line in Fig. 3 (c). Furthermore, we consider the lossy case in
our calculations with 8 dB/cm loss rate13, and the SPPs power
has the exponential decay along with propagation SPPs’ dis-
tance. In the lossy case, we still can obtain the power transi-
tion rate of 80 % with the solid line in Fig. 3 (c). Therefore,
our coupler can completely transfer the power of SPPs from
input to output SPPs waveguide.
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FIG. 3. Parameter dependent function of the our device at 0.6 THz.
We take the geometrical parameters as the δ = 600 µm and dmin = 1
µm with the device length from −1.2 mm to 1.2 mm. (a) The cor-
responding coupling strengths of input and middle C1 (output and
middle C2) THz SPPs waveguides. (b) The distance between input
and middle waveguide d1(z) (and distance between output and mid-
dle waveguide d2(z)). (c) The evolution of SPPs intensities transition
of three SPPs waveguides.
B. Robustness of our device against the geometrical
parameters
Now we demonstrate the robustness of our device. We
firstly define the final transmission rate as Pout/Pin, where
Pin/out = |Ein/out |2 and Ein(Eout) is the intensity of left-hand-
side input (right-hand-side output) SPPs waveguide. To vali-
date the robustness of our proposed design by varying against
geometric parameters, we plot the final transmission rate ver-
sus to the offset between two centers of curves δ (from 100 to
1000 µm) and the minimum distance dmin (from 0.5 to 7 µm),
with the fixed device length L = 2400 µm and τ = 700 µm,
and results are shown as Fig.4 (a). Subsequently, we calculate
the final transmission rate against different device lengths L
(from 0.9 mm to 3 mm) and varying τ (from 400 µm to 1500
µm), by fixing dmin = 1 µm and mismatch distance δ = 600
µm, which is shown in Fig. 4 (b).
It is obviously to see that even though our proposed device
has a large perturbation on the geometric parameters (mini-
mum distance dmin, mismatch distance δ , device length L and
τ), the final transmission rate still relatively maintains good
performance. Therefore, our proposed device is also robust
against the varying geometric parameters. The advantage of
our proposed device is the avoidance of high-precision manu-
facture process, which can achieve low-cost and high fidelity
devices.
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FIG. 4. Robustness of the geometrical parameters and we do the
calculations at 0.6 THz. (a) The final transmission rate of our device
with varying the mismatch δ and minimum distance dmin, with fixed
device length L = 2400 µm and τ = 700 µm. (b) The transmission
rate of our device with varying device lengths L and τ , with fixing
min. = 1 µm and mismatch distance δ = 600 µm.
IV. BROADBAND PERFORMANCE OF OUR COUPLER
VALIDATED WITH FULL WAVE SIMULATION
In this section, we employ the same corrugated SPPs
waveguide and geometrical parameters of our device in sec-
tion III to do the full wave simulation. The simulated results
can convincingly validate the theoretical derivation based on
STIRAP. At the beginning, we run the simulation of our de-
vice to obtain the field distribution as shown in Fig. 5 (a).
Subsequently, we plot the final transmission rate against ex-
cited frequency varying from 0.1 to 1 THz with full wave sim-
ulation, which can be proved the broadband of our proposed
design (see Fig. 5 (b)).
We import the SPPs intensity on the left-hand-side input
SPPs waveguide and run the simulation in the CST software.
As shown in Fig. 5 (a), we can obviously acquire that the ma-
jority (nearly 90 %) of SPPs intensity flows to the output of
third SPPs waveguide. The rest energy (about 10 %) of SPPs
leaks to right-hand-side of input/middle SPPs waveguides and
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left-hand-side of input/middle/output SPPs waveguides, due
to the drawing error and reflection effect. In spite of few en-
ergy leaking to others ports, we still can claim that SPPs inten-
sity complete efficient transfers from the input to output SPPs
waveguide.
To visualize the broadband performance of our device, we
compare the final transmission rates of our curved three-
waveguide device and the parallel waveguides (see Fig. 1 (a))
at different frequencies. Take the example of the final trans-
mission rates at 0.6 THz. Firstly, we run the simulation of
parallel configuration and put the monitor port on the second
the SPPs waveguide at coherent length Lc, which can be calcu-
lated by the coupling strength C = 4187 m−1 at 0.6 THz with
gap g= 1 µm and Lc = pi/2C = 375 µm. In the CST simula-
tion of parallel configuration, we can obtain the intensity in-
tegration of monitor port Pout with different excited frequency
at the coherent length Lc. By varying the input frequencies of
THz waves in simulation, we get the final transmission rate
Pout/Pin in the parallel configuration, as shown with the black
line in Fig. 5 (b). Subsequently, we change to our device in
CST simulation and measure intensity integration of monitor
port Pout at right-hand-side output SPPs waveguide. Thus, we
can calculate the final transmission rate by varying the fre-
quencies from 0.1 THz to 1 THz, shown with the red line in
Fig. 5 (b).
With the varying input frequencies, the coupling strength
function of adjacent SPPs waveguides has large perturbation,
due to the mode profile of SPPs waveguide has been modi-
fied. We all know that the parallel coupling structure is Rabi
oscillation model, which is not a robust configuration. The
parallel configuration can not suffer the perturbations of ex-
cited frequency (as shown with the black line in Fig. 5 (b)).
Consequently, the parallel configuration can only transfer the
energy at 0.6 THz and the intensity of SPPs drops rapidly with
different input frequencies. Oppositely, it is easy to observe
that the final transmission rate of our device can operate from
0.3 THz to 0.8 THz with transmission rate higher than 70 %,
which is shown with the red line in Fig. 5 (b). Therefore,
we can claim that our device have much better performance at
bandwidth than the parallel configuration. The advantage of
this feature is that our design can largely enhance the univer-
sality of THz integrated device, in other words, we can simul-
taneously transfer information at different frequency channels
within one fixed device instead of multiple couplers working
at single band.
V. CONCLUSION
Based on the stimulated raman adiabatic passage (STI-
RAP) quantum control technique, we have proposed a novel
in-plane asymmetric specific curved corrugated SPPs three-
waveguide coupler, in which SPPs can be completely trans-
ferred from input waveguide to output waveguide in terahertz
(THz) region. We demonstrate that our design can realize
highly efficient transfer with strong robustness against the per-
turbations of geometric parameters, and also illustrate that
our device has a good performance at broadband excited THz
(d)a
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FIG. 5. Full wave simulated results of our device. (a) The distri-
bution of E-field based on CST software simulation of our device at
0.6 THz. (b) Function of the final transmission rate with different
frequencies. The black line shows the transmission rate of the par-
allel configuration device and red line is the transmission rate of our
device.
waves. This finding will make contribution to develop com-
pact and robust integrated THz devices, which will promote
the future applications in all optical network and THz com-
munications.
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